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Tropomyosin (Tm) is an a-helical coiled-coil protein that binds along the
length of actin filament and plays an essential role in the regulation of
muscle contraction. There are two highly conserved non-canonical residues
in the middle part of the Tm molecule, Asp137 and Gly126, which are
thought to impart conformational instability (flexibility) to this region of
Tm which is considered crucial for its regulatory functions. It was shown
previously that replacement of these residues by canonical ones (Leu sub-
stitution for Asp137 and Arg substitution for Gly126) results in stabiliza-
tion of the coiled-coil in the middle of Tm and affects its regulatory
function. Here we employed various methods to compare structural and
functional features of Tm mutants carrying stabilizing substitutions
Arg137Leu and Gly126Arg. Moreover, we for the first time analyzed the
properties of Tm carrying both these substitutions within the same mole-
cule. The results show that both substitutions similarly stabilize the Tm
coiled-coil structure, and their combined action leads to further significant
stabilization of the Tm molecule. This stabilization not only enhances max-
imal sliding velocity of regulated actin filaments in the in vitro motility
assay at high Ca2+ concentrations but also increases Ca2+ sensitivity of
the actin–myosin interaction underlying this sliding. We propose that the
effects of these substitutions on the Ca2+-regulated actin–myosin interac-
tion can be accounted for not only by decreased flexibility of actin-bound
Tm but also by their influence on the interactions between the middle part
of Tm and certain sites of the myosin head.
Introduction
Tropomyosin (Tm) is an actin binding, a-helical
coiled-coil protein that binds along the length of actin
filament. The current view of thin filament regulation
in striated muscle suggests that Tm can be in one of
three different positions, or states, on actin: B
(‘blocked’, or calcium-free), C (‘closed’, or calcium
induced) and M (myosin induced, or ‘open’), depend-
ing on the presence or absence of troponin, myosin
and Ca2+ [1–4]. The movements of Tm between these
positions on the actin surface are believed to play a
crucial role in the regulation of the actomyosin inter-
action. In the absence of Ca2+ (B-state) troponin
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keeps Tm on the actin filament at a position in which
it covers the myosin binding sites on actin. When the
Ca2+ concentration increases, troponin detaches from
actin and Tm moves aside to its preferred position on
actin (C-state), thus opening the myosin binding areas
slightly. Myosin heads first attach to actin ‘weakly’,
i.e. not tightly, and then go into the ‘strongly’ bound
state shifting Tm further away (to the M-state), thus
opening neighbor myosin binding sites on adjacent
actin monomers.
As with typical coiled-coils, the amino acid sequence
of Tm contains a heptad repeat a-b-c-d-e-f-g in which
residues in a and d positions are hydrophobic whereas
residues in e and g positions are typically of opposite
charge. Residues a and d of two a-helices interact in a
‘knob-into-holes’ manner [5] forming a continuous
hydrophobic core, which glues the a-helices together.
Charged residues in e and g positions form electro-
static interchain interactions and thus additionally sta-
bilize the coiled-coil structure [4,6,7]. However, the Tm
structure is not perfect and contains some structural
irregularities such as non-canonical residues in the
heptad repeats (e.g. Ala clusters and charged residues
in the hydrophobic core) [4,7–10]. These residues
which destabilize the coiled-coil structure are predicted
to confer conformational mobility, or flexibility, to
some parts of the Tm molecule and appear to be
important for Tm functioning. One of these parts is
the middle of the molecule. Conformational instability
of the Tm middle part was demonstrated by different
methods (trypsinolysis, CD, differential scanning calo-
rimetry -DSC, as well as an analysis of Tm crystal
structures) [9–13].
Lehrer and co-workers [10] found that a particularly
unstable region is located in the middle part of the Tm
molecule in the vicinity of the non-canonical residue
Asp137 (a negatively charged Asp residue in the
d position that is typically occupied by a hydrophobic
residue). The peptide bond between Arg133 and
Ala134 was shown to be the most susceptible site to
cleavage by trypsin in the full-length Tm [11,12] indi-
cating that the region around Arg133 is the least stable
part of the Tm molecule. More recently, attention was
attracted to another non-canonical residue nearby,
Gly126 in the g position instead of a typical charged
residue [14]. Importantly, both D137 and G126 are
highly conserved, at least in all vertebrate Tm isoforms
(Fig. S1). To determine the role of these non-canonical
residues in the middle part of Tm, they were replaced
with the canonical ones: Asp137 was substituted with
Leu by the D137L mutation, introducing a highly pre-
ferred hydrophobic residue for the d position [10], and
Gly126 was replaced with a long charged Arg by the
G126R mutation [14]. Both of these replacements were
shown to result in stabilization of the Tm molecule as
they dramatically reduced the rate of Tm trypsinolysis
between Arg133 and Ala134 [10,14]. These mutations
increased the thermal stability of Tm as determined by
DSC [14–16]. The physiological importance of the
middle part of Tm was recently demonstrated in stud-
ies with a novel transgenic mouse model expressing
cardiac a-Tm with D137L mutation [16].
Interestingly, both mutations stabilizing the middle
part of Tm, D137L and G126R, at high calcium
concentrations caused a significant increase in the
actin-activated ATPase activity of myosin heads in the
presence of regulated actin filaments (i.e. thin filaments
reconstituted from F-actin, Tm and troponin),
although they had no influence on the Tm affinity for
actin [10,14]. However, the mechanism of this effect
remains unclear.
It was proposed [14] that increased flexibility of the
middle part of Tm is attributed to the concerted action
of two non-canonical residues, Asp137 and Gly126, as
separate substitutions of each of them by canonical
residues resulted in similar effects on the structural
and functional properties of Tm. In the present work
we extended these studies employing various methods
and approaches (such as CD, limited proteolysis by
trypsin, ATPase measurements, in vitro motility assay
etc.) to compare structural and functional features of
recombinant human striated muscle a-Tm mutants car-
rying stabilizing substitutions D137L and G126R.
Moreover, we studied the combined action of both
these substitutions within the same molecule. Our
results show that mutations D137L and G126R have
similar effects on structural and functional properties
of a-Tm, and the joint action of both these mutations
is expressed in further significant stabilization of the
a-Tm coiled-coil structure and in more pronounced
effect on the actin–myosin interaction. We also pro-
pose a possible explanation for the physiological
effects of these two mutations, according to which
their effects on the Ca2+-regulated actin–myosin inter-
action can be accounted for not only by decreased
flexibility of actin-bound Tm but also by the influence
of these mutations on the interactions between the cen-
tral part of Tm and certain sites of the myosin head.
Results
First, we substituted the only Cys residue (Cys190) of
a-Tm with an Ala residue to avoid potential complica-
tions due to possible disulfide crosslinking of two
a-helices of the Tm dimer, as there is evidence that
Tm cysteine residues in skeletal and cardiac muscle
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cells are in a reduced state [17,18]. This substitution
had no appreciable effect on the tryptic digestion of
a-Tm [10] and its thermal unfolding measured by DSC
(data not shown), and therefore we used this non-Cys
control a-Tm C190A as a ‘wild-type’ protein in all fol-
lowing experiments studying the effects of mutations
D137L, G126R and D137L/G126R on structural and
functional properties of Tm. It should be noted that in
previous work the effects of mutations in the middle
part of Tm were studied using either a-Tm C190A [10]
or a-Tm WT with reduced SH groups of Cys190 as a
reference [14,16]. In the present study we compared the
effects of these mutations under the same conditions,
using a-Tm C190A as ‘a-Tm WT’ in its fully reduced
state. Note that all these Tm species were recombinant
proteins having the Ala-Ser N-terminal extension which
is required to mimic the N-terminal acetylation of
native Tm (see Experimental procedures).
Stabilization of Tm by mutations D137L, G126R
and D137L/G126R
Figure 1A shows typical CD spectra of a-Tm with the
classical double negative peaks at 208 nm and 222 nm
characteristic for an a-helical coiled-coil protein. The
CD spectra recorded at 5 °C were identical for all Tm
samples analyzed, a-Tm C190A, D137L/C190A,
G126R/C190A and D137L/G126R/C190A. The ther-
mal stability of these Tm species was examined using
CD at 222 nm (Fig. 1B). The heat-induced unfolding
of all Tm species was fully reversible. In good agree-
ment with previous DSC studies [14–16], the CD
results showed that mutations D137L and G126R
increase the thermal stability of Tm. Compared with
the Tm C190A mutant, both Tm D137L/C190A and
Tm G126R/C190A mutants are more stable over the
range 30–60 °C (Fig. 1B). For both these mutants the
major transition took place at a temperature higher
than that for control Tm C190A (42.2 °C) by 3.5 °C
(G126R/C190A) and by 3.9 °C (D137L/C190A). How-
ever, the most pronounced effect was observed with
the mutant a-Tm D137L/G126R/C190A for which the
major thermal transition (51.7 °C) is shifted to a
higher temperature by more than 9 °C in comparison
with Tm C190A and by 5.5–6 °C in comparison with
the mutants D137L/C190A and G126R/C190A. Thus,
these CD results indicate that mutations D137L and
G126R have similar stabilizing effects on the Tm mol-
ecule, whereas the combined action of both these
mutations results in further significant stabilization of
the molecule.
To analyze the stabilizing effects of the D137L,
G126R and D137L/G126R mutations on the middle
part of Tm, the Tm species were subjected to limited
tryptic digestion. Previous studies have shown that
trypsin initially cleaves the Tm molecule (either the
WT Tm or the C190A mutant) at Arg133 into two
fragments [10–12,14], and the mutations D137L or
G126R effectively prevent this cleavage [10,14]. Our
results show that stabilizing substitutions of non-
canonical residues Asp137 and Gly126 similarly reduce
the rate of Tm cleavage by trypsin at Arg133, whereas
simultaneous substitution of both residues prevents
this cleavage even more effectively (Fig. 2). Under the
conditions used (a trypsin : Tm weight ratio of
1 : 150), the main band of Tm C190A was fully lost
after 12 min of incubation with trypsin, with
corresponding appearance of Tm fragments with lower
molecular masses indicating cleavage at Arg133 [10].
This cleavage was strongly reduced in the Tm mutants
D137L/C190A and G126R/C190A, and it was almost
fully prevented in the Tm mutant D137L/G126R/
C190A (Fig. 2A). It should be noted, however, that
these mutations effectively prevent only the tryptic Tm
cleavage at Arg133, but not the cleavage near to
A
B
Fig. 1. CD studies on a-Tm species carrying D137L/C190A, G126R/
C190A and D137L/G126R/C190A mutations compared with a-Tm
C190A. (A) CD spectra in the far-UV region of a-Tm C190A, D137L/
C190A, G126R/C190A and D137L/G126R/C190A. The spectra were
recorded at 5 °C. Protein concentration was 1.0 mgmL1 in all
cases. (B) Normalized thermal unfolding profiles obtained from the
temperature dependence of the a-helix content of these Tm species
measured as the ellipticity at 222 nm at a constant heating rate of
1 °Cmin1.
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N- and C-termini, which produces fragments with
molecular masses of 27–32 kDa [10]. Analyzing the
results (Fig. 2B), we did not take into account these
terminal truncations of Tm, and the term ‘undigested
protein’ in the figure denotes only the Tm species with
no cleavage at Arg133. It is clearly seen from the
figure that double mutation D137L/G126R prevents
the tryptic cleavage in the middle part of Tm C190A
more effectively than the single mutations D137L or
G126R.
Functional effects of mutations D137L/G126R in
the middle part of Tm
Following previous studies on the Tm mutants D137L
[10] and G126R [14], we also investigated how the
double mutation D137L/G126R affects functional
properties of Tm. Actin binding properties of D137L/
G126R/C190A Tm were studied by co-sedimentation
with F-actin and compared with those of C190A Tm
(Fig. 3). Both Tm species exhibited similar actin
affinity. The K50% values, corresponding to the Tm
concentration at which actin is half-saturated, were
0.58  0.08 lM and 0.67  0.1 lM (mean  SD) for
Tm D137L/G126R/C190A and Tm C190A, respec-
tively. Thus, similar to mutations D137L [10] and
G126R [14], the double mutation D137L/G126R had
no appreciable influence on the actin affinity for Tm.
Previous studies have shown that Tm dissociates
from F-actin on heating, and this process can be
monitored with light scattering [14,19–22]. To examine
the thermal dissociation of the Tm–F-actin complexes,
we measured the temperature dependence of the light
A
B
Fig. 2. Tryptic digestion of Tm mutants C190A, D137L/C190A,
G126R/C190A and D137L/G126R/C190A at a trypsin : Tm weight
ratio of 1 : 150. (A) SDS/PAGE gels. The reaction was quenched at
the times indicated. (B) Time course of the Tm cleavage in the
middle part of the molecule. Note that ‘undigested protein’
denotes only the Tm species with no cleavage in the middle part
of the molecule, but not the cleavage near to N- and C-termini
leading to truncated fragments with molecular masses of
27–32 kDa. Thus, analyzing the scanned images, we summarized
the density of the protein bands corresponding to these Tm
fragments and denoted the total sum of these fragments by
‘undigested protein’.
A
B
C
Fig. 3. Affinity of Tm mutants C190A and D137L/G126R/C190A for
actin determined by co-sedimentation analysis. (A), (B) SDS gels
(15%) used for analysis of actin and Tm C190A (A) or Tm D137L/
G126R/C190A (B) in the pellets and supernatants. (C) Plots of the
fractional saturation of actin by Tm as a function of the free Tm
concentration that was found in the supernatant. The K50% values,
corresponding to the Tm concentration at which half of the actin
becomes saturated, are 0.58  0.08 lM and 0.67  0.1 lM for Tm
D137L/G126R/C190A and Tm C190A, respectively. These K50%
values are the average  standard deviation for three experiments;
all data points from all experiments are plotted.
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scattering for the complexes of phalloidin-stabilized
F-actin with Tm mutants C190A, D137L/C190A,
G126R/C190A and D137L/G126R/C190A. The
decrease in the light scattering intensity reflects dissoci-
ation of the Tm–F-actin complexes. The fitted curves
to the normalized light scattering changes of dissocia-
tion of the Tm–F-actin complexes are shown in Fig. 4.
The temperature of the half-maximal dissociation
(Tdiss), i.e. the temperature at which a 50% decrease in
the light scattering occurred, was 45.9 °C for C190A
Tm, 49.5 °C for G126R/C190A Tm, 51.9 °C for
D137L/C190A Tm and 54.0 °C for D137L/G126R/
C190A Tm. Thus, both mutations in the Tm middle
part, D137L and G126R, significantly increased the
Tdiss value (by 3.6–6.0 °C compared with Tm C190A),
whereas the Tm mutant carrying both these stabilizing
substitutions, D137L/G126R/C190A, dissociated from
F-actin at much higher temperature (by more than
8 °C compared with the C190A Tm). This can be
explained, at least partly, by higher thermal stability of
this Tm mutant (see Fig. 1B). It seems quite possible
that the dissociation temperature of the Tm–F-actin
complexes reflects the stability of the complexes, and
therefore the most stable (and, probably, less flexible)
D137L/G126R/C190A Tm is protected from thermally
induced dissociation from F-actin much better than
the other Tm species studied.
We also studied the effect of the Tm mutant
D137L/G126R/C190A on the Ca2+-dependent
ATPase of myosin S1 in the presence of the fully
regulated thin filaments composed of F-actin, Tm and
troponin. At high Ca2+, the D137L/G126R/C190A
Tm mutant caused a more than 2-fold increase in the
ATPase activity compared with C190A Tm, and this
effect was more pronounced than that for the G126R/
C190A Tm mutant (Fig. 5A). Similar to the single sta-
bilizing substitution G126R [14], the double mutation
D137L/G126R had no appreciable influence on Ca2+
sensitivity of the myosin ATPase activated by reconsti-
tuted thin filaments (Fig. 5B). The pCa50 value (i.e.
the negative logarithm of the concentration of free
Ca2+ at which the ATPase activity is half-maximal)
was 6.76  0.07 (here and onwards mean  SEM)
for the filaments containing control C190A Tm,
Fig. 4. Normalized temperature dependence of dissociation of the
F-actin complexes with Tm C190A, D137L/C190A, G126R/C190A
and D137L/G126R/C190A. 100% corresponds to the difference
between light scattering of the Tm–F-actin complexes measured at
25 °C and that of pure F-actin stabilized by phalloidin which was
temperature independent within the temperature range used. A
decrease in the light scattering intensity reflects dissociation of the
Tm–F-actin complexes. The samples contained 45 lM F-actin
stabilized by phalloidin (60 lM) and 10 lM Tm in 30 mM Hepes,
pH 7.3, 100 mM NaCl and 1 mM MgCl2. The heating rate was
1 °Cmin1.
A
B
Fig. 5. Effects of Tm mutations G126R/C190A and D137L/G126R/
C190A on the Ca2+-dependent actin-activated S1 ATPase of fully
regulated reconstituted thin filaments compared with control Tm
C190A (A). Samples contained 5 lM F-actin, 2 lM troponin, 2 lM
Tm and 2 lM S1. The average standard deviations are indicated
with error bars. (B) The same data as in (A) normalized for maximal
activity.
2008 FEBS Journal 281 (2014) 2004–2016 ª 2014 FEBS
Properties of stabilized tropomyosin A. M. Matyushenko et al.
6.84  0.09 for the filaments containing G126R/C190A
Tm and 6.77  0.06 for the filaments with D137L/
G126R/C190A Tm. The Hill cooperativity coefficient n
was 2.12  0.07 for C190A Tm, 1.16  0.02 for
G126R/C190A Tm and 1.16  0.03 for D137L/G126R/
C190A Tm.
Importantly, the S1 dependence of the actin-Tm-S1
ATPase showed that the thin filaments containing the
Tm mutants D137L, G126R and D137L/G126R had a
greater activity than the filaments with Tm C190A not
only in the presence of troponin and Ca2+ but also in
the absence of troponin (Fig. 6A). At low S1
concentrations, both mutations, D137L and G126R,
had a lower inhibitory effect on the S1-actin ATPase
compared with Tm C190A (this inhibition is a
characteristic feature of Tm [23]), whereas the ATPase
in the presence of the D137L/G126R mutant was even
higher than that with actin alone.
To examine in more detail the effects of the D137L/
G126R/C190A mutation on the Tm regulatory
properties, we used an in vitro motility assay, a highly
sensitive method allowing the sliding velocity of the
reconstituted thin filaments over the surface covered
with immobilized myosin to be monitored. In the
absence of troponin, the effects of Tm mutants
D137L, G126R and D137L/G126R on the sliding
velocity of the actin filaments were similar to those
observed with ATPase (Fig. 6A), although less pro-
nounced. Tm C190A substantially suppressed the
velocity, while the inhibitory effect of Tm with the
D137L or G126R mutations on the velocity was negli-
gible. The Tm double mutant, D137L/G126R, did not
suppress the velocity (Fig. 6B). Recently we applied
this approach to study the effects of the Tm mutations
D137L and G126R on the Ca2+-dependent sliding of
the reconstituted thin filaments containing troponin
and showed that these mutations not only enhance the
maximum sliding velocity of the filaments at high
Ca2+ concentrations but also increase the Ca2+ sensi-
tivity of the velocity by shifting the pCa-velocity curve
towards lower Ca2+ concentrations [24]. The pCa50
values (i.e. pCa at which the sliding velocity was
half-maximal) were equal to 6.06  0.04 for the regu-
lated thin filaments containing control Tm C190A,
6.36  0.05 for the filaments containing Tm mutant
D137L/C190A, and 6.42  0.03 for the filaments with
Tm G126R/C190A [24]. Similar and even more pro-
nounced effects were observed for regulated thin fila-
ments containing the Tm mutant D137L/G126R/
C190A (Fig. 7). This mutant caused a significant
increase of the sliding velocity of thin filaments at
high Ca2+ concentrations: 8.2  0.05 lms1 compared
with 6.05  0.43 lms1 for the C190A Tm (Fig. 7A).
It also shifted the pCa-velocity curve further towards
lower Ca2+ concentrations (pCa50 = 6.45  0.01 ver-
sus 6.03  0.06 for control C190A Tm, Fig. 7B). The
Hill cooperativity coefficient n was 4.27  0.2 and
2.51  1.06, respectively.
Discussion
The data presented here show that the mutations
D137L and G126R similarly stabilize the Tm struc-
ture, and the concerted action of both these mutations
further stabilizes the Tm molecule. Destabilization of
the coiled-coil is necessary for proteolytic cleavage.
A
B
Fig. 6. Effects of Tm mutant constructs C190A, D137L/C190A,
G126R/C190A and D137L/G126R/C190A on the acto-S1 ATPase
rate (A) and on the sliding velocity of actin filaments in the in vitro
motility assay (B) in the absence of troponin and Ca2+. (A) Samples
contained 5 lM F-actin and 1.2 lM Tm. Other conditions were the
same as in Fig. 5A. (B) Average data for two to three experiments
with each of the Tm mutants are shown, and vertical bars show
the standard deviations of the data between different experiments.
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The mechanism explaining this Tm destabilization [14]
was supposed to include both local chain separation in
the vicinity of Asp137 [9] and local unfolding of a-heli-
ces in the individual Tm chains caused by non-canoni-
cal Gly126. Indeed, stabilizing substitution of either
Asp137 or Gly126 was sufficient for thermal stabiliza-
tion and prevention of the tryptic cleavage of Tm.
Moreover, substitution of both these non-canonical
residues further increased the Tm stability.
In terms of the actin binding properties, the present
results exhibit a high similarity to those obtained pre-
viously [10,14]. None of the stabilizing substitutions
altered binding of Tm to actin [10,14]. One would
expect that these substitutions make the Tm molecule
(at least its middle part) more rigid, i.e. less flexible.
Thus, the changes in flexibility have no effect on the
actin affinity of Tm. However, these substitutions
effectively prevent the heat-induced dissociation of the
Tm–F-actin complexes; the simultaneous substitution
of both Gly126 and Asp137 with the canonical resi-
dues was the most effective (Fig. 4). We therefore
assume that the decrease in the Tm flexibility stabilizes
the Tm–F-actin complexes at high temperature,
although having no influence on the actin affinity for
Tm at room temperature.
In keeping with previous studies [10,14], our data
show that the substitutions in the middle of Tm cause a
significant increase in the actin-activated ATPase
activity of myosin heads during their interaction with
thin filaments at high Ca2+ concentrations, although
the Ca2+ sensitivity of the actomyosin ATPase rate was
not significantly affected (Fig. 5). In contrast, our recent
[24] and present (Fig. 7B) results clearly indicate that
the substitutions D137L, G126R and D137L/G126R
significantly increase the Ca2+ sensitivity of the sliding
velocity of the thin filaments in the in vitro motility
assay by shifting the pCa-velocity curve towards lower
Ca2+ concentrations. A discrepancy between the Ca2+
sensitivity of the sliding velocity of the thin filaments
and of the ATPase rate found here was also observed
previously [25,26]. Possible reasons for the discrepancy
are as follows. In the previous studies [10,14] the effects
of stabilizing substitutions D137L and G126R on the
Tm regulatory properties were explained in terms of
changed equilibria within the three-state model of thin
filament regulation [1] as a shift of the equilibrium from
the C (closed) to the M (open) state. However, the pCa
dependence of the S1 ATPase rate or filament velocity
in the in vitro motility assay is determined not only by
the Ca2+ affinity but also by myosin heads which are
strongly bound to actin. These heads push the Tm–tro-
ponin system to its open state and facilitate the blocked-
to-closed transition of the neighbor region of the thin
filaments. Model studies show that a change in the Tm
bending stiffness itself can affect the myosin binding
properties and the Ca2+ sensitivity of the thin filaments
[27,28]. Therefore both the Tm stiffness and the distance
between the neighbor strongly bound heads are crucial
for the pCa sensitivity. Less than one of a hundred actin
monomers is occupied by a strongly bound myosin head
during ATPase measurement under our experimental
conditions. Besides, no mechanical load is present in the
ATPase assay. For these reasons the pCa dependence of
the ATPase activity is not very cooperative (Fig. 5B)
and pCa50 does not depend on the stabilizing substitu-
tions in Tm. In contrast, in the motility assay the dis-
tance between myosin heads strongly bound to actin is
shorter. Also the active myosin heads which propel the
thin filament should overcome drag resistance of the
weakly bound and ‘dead’ heads. Under these conditions,
the neighbor-to-neighbor interaction of myosin heads
with the regulatory system is essential and pCa curves
become more cooperative (Fig. 7B), so that the
stabilizing Tm mutations affect the pCa dependence of
the sliding velocity.
A
B
Fig. 7. Effect of the D137L/G126R/C190A Tm mutant construct on
the Ca2+-dependent sliding velocity of regulated thin filaments in
the in vitro motility assay compared with the control C190A Tm
construct. (A) Average data for one to three experiments with each
of the Tm mutants. Vertical bars show the standard deviations of
the data between different experiments. (B) The same data as in
(A) normalized for maximal velocity.
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Previously it was proposed that the effects of the
D137L and G126R substitutions on the Tm regulatory
function can be explained solely by a decrease in
flexibility of the Tm molecule caused by these
substitutions [10,14]. In this respect, it is rather
difficult to explain why Ala substitution for Gly126,
which stabilized the a-helix in the middle part of Tm
similarly to the Arg substitution, had no effect on the
Ca2+-dependent myosin ATPase in the presence of the
thin filaments [14].
We suppose that the effects of the stabilizing substitu-
tions in the Tm middle part on the Ca2+-regulated
actin–myosin interaction can be accounted for not only
by decreased flexibility of actin-bound Tm but rather by
an influence of these substitutions on the interactions
between Tm and certain sites of a myosin head.
This assumption is based on the analysis of recent
data on the structure of the actin–Tm–myosin complex
obtained with 8 A resolution by cryoelectron micros-
copy and a model built by the docking of crystal struc-
tures of actin, myosin S1 and Tm into the cryoelectron
microscopy electron density map [29]. An important
feature of this model is the presence of direct contacts
between Tm located on the surface of the actin fila-
ment and some areas of the myosin heads. Since
this model has been obtained with a non-muscle
myosin-I, we built our model (Fig. 8) by a rigid-body
superimposition of the skeletal muscle myosin-II (PDB
entry 2MYS) used in our experiments on the position
of the Tm-interacting domain of myosin-I used by
Behrmann et al. [29]. For this purpose we used the
atomic structure of chicken myosin-II whereas the
experiments were performed with rabbit myosin-II as
the residues of interest in these two myosins are identi-
cal. In the model we were looking for those residues
on the surface of the myosin head which are suffi-
ciently close to the residues at positions 126 and 137
in the middle part of Tm to be able to interact with
them. The results of the search are shown in Fig. 8. It
turned out that small Gly126 is incapable of any inter-
actions with myosin, whereas the negative charge of
Asp137 is close to the positive charge of Arg371 of the
myosin head and may interact with it electrostatically
(Fig. 8A). Both substitutions in the Tm middle part
can affect the Tm–myosin interaction. Due to Arg sub-
stitution for Gly126, the side chain of Arg126 in Tm is
in the vicinity of that of residue Lys399 on the myosin
head, so that an electrostatic repulsion can arise
between the positively charged atoms of these residues
(Fig. 8B). On the other hand, the electrostatic interac-
tion between Asp137 on Tm and Arg371 of the myosin
head is violated by replacing charged residue Asp137
with a neutral Leu residue (Fig. 8B).
Thus, both substitutions in the Tm middle part,
D137L and G126R, should lead to a decrease in the
interaction energy of actin-bound Tm with the myosin
head strongly bound to actin. The magnitude of the
energy reduction is small compared with the energy of
strong myosin binding to actin [29] but is comparable
with the energy required to move Tm over the surface
of the actin filament [30]. In terms of the three-state
model of thin filament regulation [1,2] this means that
both substitutions, D137L and G126R (and, especially,
the combined one, D137L/G126R), would facilitate
myosin-induced displacement of Tm over the surface
A
B
Fig. 8. The structural model of the contact area between Tm
bound on the surface of the thin filament and the myosin head (S1)
strongly bound to actin. (A) Control Tm containing non-canonical
residues D137 and G126 in the middle part of the molecule. (B)
Tm mutant with stabilizing substitutions D137L and G126R in the
middle part of the molecule. Only some parts of the myosin head
adjacent to amino acid residues 126 and 137 in the middle part of
Tm are shown. Actin and other parts of myosin and Tm are not
shown. The model was obtained from the structure of the actin–
myosin–Tm complex [29] (PDB code 4A7H) by superimposing the
upper 50-kDa domain of the myosin head of chicken fast skeletal
muscle myosin-II (PDB code 2MYS) instead of the same domain of
myosin-I used in [29]. Segments of the Tm double a-helix are
shown by cyan ribbons; the parts of the head of skeletal muscle
myosin-II are green. The non-canonical residues D137 and G126
(A), which were replaced by Leu and by Arg in the G126R/D137L/
C190A Tm mutant (B), as well as charged myosin residues K399
and R371 located in close proximity to these Tm residues are
shown in the ‘ball-and-stick’ atomic representation. The distance
between the charged atoms of myosin residue K399 and Tm
residue R126 (B) in the model was 8.8 A, and that between
myosin R371 and Tm D137 (A) was 4.7 A. The model and the
picture were prepared with ICM-BROWSER (MolSoft, San Diego, CA,
USA).
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of the actin filament and promote the transition from
the C-state to the M-state. Accordingly, once a myosin
head strongly binds actin, these substitutions in Tm
should promote the binding of neighbor heads and
mechanical work production. This explains, at least
partly, the functional effects of the substitutions of
either Asp137 or Gly126, or both.
Importantly, the above interpretation can also
explain the fact that the replacement of Gly126 in Tm
with a small hydrophobic Ala (not the large charged
Arg used in the G126R mutant construct) did not
affect the S1 ATPase activity in the presence of the
thin filaments [14]. Moreover, analyzing the model of
the actin–Tm complex [29,31], we found that the resi-
dues Asp137 and Gly126 studied here are located
rather far from the surface of the actin filament to be
able to interact with actin directly. This can explain
why the substitutions in the Tm middle part have no
influence on actin affinity for Tm.
Our model is based on that of Behrmann et al. [29].
Later on another model was proposed [32] to explain
the effects of Ala substitutions of conserved surface
residues of Tm on its actin affinity and sliding velocity
in the in vitro motility assay [32,33]. We prefer the
model proposed by Behrmann et al. [29] to that of
Barua et al. [32] as in the latter the a-helices of Tm lie
outside the electron density map of the cryoelectron
microscopy data presented in [29]. It should be noted
that the data of Barua et al. [32,33] do not contradict
our model. In the model by Behrmann et al. [29] the
Tm residues R125, K128 and V129 (located in the
vicinity of G126 and D137) face the actin surface and
can interact with both charged and hydrophobic actin
residues. One would expect that the replacement of
these Tm residues with Ala should weaken the interac-
tion with actin leading to a decrease in the actin affin-
ity as was found by Barua et al. [33]. The replacement
of charged E150, E156, E163 and E164 Tm residues
with Ala was found to depress the sliding velocity in
the presence of Ca2+, not affecting the Tm affinity for
actin much [32]. Respectively, in the model by Behr-
mann et al. [29] these residues are quite far from the
actin surface to affect the affinity essentially. More-
over, in our model the E163 and E164 residues may
interact with Arg and Lys residues of a myosin head
weakly bound to actin close to the Tm pseudo-repeat
5. The weak-to-strong transition of the head, which is
accompanied by its axial and azimuthal tilt with
respect to the actin filament, plays an important role
in myosin motor function [34,35]. In conclusion, the
results presented here shed light on the functional
importance of such extraordinary structural features of
Tm as the presence of non-canonical residues Asp137
and Gly126 in the middle part of the molecule.
Substitutions of these residues with canonical Leu or
Arg (D137L and G126R) similarly stabilize the Tm
coiled-coil structure, and they both acting together sta-
bilize the Tm molecule further. These two substitutions
have a significant effect on the functional properties of
Tm: at high Ca2+ concentrations they increase the
ATPase activity of myosin heads during their interac-
tion with the thin filaments and enhance the sliding
velocity of these filaments in the in vitro motility assay.
They also increase the Ca2+ sensitivity of the sliding
velocity. It seems at first glance that these substitutions
significantly improve the functional properties of Tm
making it more effective in realizing its regulatory
functions. Recent functional studies with a novel trans-
genic mouse model expressing cardiac Tm with the
D137L mutation have shown that this stabilizing sub-
stitution altered in situ cardiac function leading to a
phenotype similar to dilated cardiomyopathy [16].
These data suggest that extra stabilization of the mid-
dle part of Tm as well as the above proposed changes
in the interaction of myosin with actin-bound Tm may
impair the regulatory functions of Tm. Thus, it seems
that the conformational instability (flexibility) of Tm
caused by the presence of non-canonical residues
Asp137 and Gly126 is essential for proper Tm func-
tioning in the regulation of muscle contraction. The
fact that these residues are so conserved in vertebrates
(Fig. S1) and are present in virtually all striated and
smooth muscle Tm isoforms confirms the importance
of this property.
Experimental procedures
Protein preparations
All Tm species used in this work were recombinant proteins
that have Ala-Ser N-terminal extension to imitate naturally
occurring N-terminal acetylation of native Tm [36]. Human
TPM1 isoform 1 (a-striated Tm) C190A, D137L/C190A,
G126R/C190A and D137L/G126R/C190A mutants were
prepared in the bacterial expression plasmid pMW172 [37]
by PCR-mediated site-directed mutagenesis using Pfu DNA
Polymerase (SibEnzyme, Novosibirsk, Russia). The follow-
ing oligonucleotides were used for mutagenesis: 50-AAGG
CAAAGCTGCCGAGCTTG-30 for C190A, 50-GCCCAA
AAACTTGAAGAAAAA-30 for D137L and 50-GAGTGA
GAGACGCATGAAAG-30 for G126R (mutant codons are
underlined). The PCR products were cloned and sequenced
to verify the substitutions. The constructs were used to
transform the Escherichia coli strain BL21(DE3)pLysS,
large-scale cultures were grown and overexpression was
induced according to standard methods [38]. Bacterial cell
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lysates containing recombinant human Ala-Ser a-Tm were
heated to 85 °C before clarification by centrifugation at
33 200 g for 10 min. The resulting supernatant was frac-
tionated by reducing the pH to 4.8, and the recombinant
protein was purified by anion exchange chromatography
using a HiTrap QXL column (GE Healthcare, Little Chal-
font, Buckinghamshire, UK) connected to an FPLC system
ProStar (Varian, Mulgrave, Victoria, Australia) with a
steady gradient from 0 to 2 M NaCl. Tm concentration was
determined spectrophometrically at 280 nm using an E1%
of 2.7 cm1.
Rabbit skeletal muscle actin, myosin subfragment 1 (S1)
and troponin were prepared by established standard
methods [39–41]. F-actin polymerized by the addition of
4 mM MgCl2 and 100 mM KCl was further stabilized by the
addition of a 1.5-fold molar excess of phalloidin (Sigma Che-
mical Co., St Louis, MO, USA).
Trypsin digestion
The Tm samples in Hepes buffer (0.5 mgmL1 Tm in
30 mM Hepes, pH 7.3, 100 mM NaCl, 1 mM MgCl2) were
treated with L-1-tosylamido-2-phenylethyl chloromethyl
ketone-treated trypsin (Worthington) at an enzyme : Tm
mass ratio of 1 : 150 at 30 °C. At various times, aliquots
were withdrawn, and the reaction was quenched by addi-
tion of SDS/PAGE sample buffer containing 5 mM phen-
ylmethanesulfonyl fluoride. Protein compositions of the
aliquots were analyzed by SDS-gel electrophoresis.
CD measurements
Far-UV CD spectra of Tm species (1.0 mgmL1) were
recorded at 5 °C on a Chirascan circular dichroism spec-
trometer (Applied Photophysics Ltd., Surrey, UK) in
0.02 cm cells. Thermal unfolding measurements were made
by following the molar ellipticity of Tm at 222 nm over the
temperature range from 5 °C to 70 °C at a constant heat-
ing rate of 1 °C min1. All measurements were performed
in 30 mM Hepes, pH 7.3, 100 mM NaCl, 1 mM MgCl2. The
reversibility of the unfolding–refolding process was assessed
by reheating the Tm sample directly after it had been
cooled from the previous temperature scan. The thermal
unfolding of all Tm species was fully reversible.
Co-sedimentation and quantitative
electrophoresis
The affinity of Tm for actin was estimated using a co-sedi-
mentation assay according to the general protocol
previously described by Kremneva et al. [21]. Phalloidin-
stabilized F-actin at 10 lM was mixed with increasing
concentrations of Tm (0–5 lM) at 20 °C in 30 mM Hepes,
pH 7.3, 200 mM NaCl, 1 mM MgCl2, to a final volume of
100 lL. After 30 min incubation the actin was pelleted with
any bound Tm by ultracentrifugation at 133 000 g for
50 min (Beckman airfuge, Beckman Instruments Inc., Palo
Alto, CA, USA). Equivalent samples of the pellet and the
supernatant were run on SDS/PAGE [42]. Quantification
of protein bands was carried out by densitometry using an
Astra 6700 scanner (UMAX) and scanned images were
analyzed using the IMAGEJ 1.45s software (Scion Corp.,
Frederick, MD, USA).
Light scattering
Thermally induced dissociation of Tm–F-actin complexes
was detected by changes in light scattering at 90° as described
earlier [20–22]. The experiments were performed at 350 nm
on a Cary Eclipse fluorescence spectrophotometer (Varian
Australia Pty Ltd, Mulgrave, Victoria, Australia) equipped
with temperature controller and thermoprobes. All measure-
ments were performed at a constant heating rate of 1 °C
min1. Scattering of F-actin solutions containing the same
concentration of actin (45 lM) as in the Tm–F-actin samples
was measured before the experiments. The scattering of the
Tm–F-actin complexes was higher than that of F-actin.
When Tm dissociated from F-actin during heating, the value
of the light scattering intensity became equal to that of
F-actin, because the light scattering of free Tm molecules
was negligible [19]. Thus, a temperature-dependent decrease
in light scattering intensity of the Tm–F-actin complexes
reflects dissociation of Tm from F-actin. The dissociation
curves, with temperature dependence of light scattering for
F-actin alone deducted, were analyzed by using the ORIGIN
software (MicroCal), according to a sigmoidal decay func-
tion (Boltzmann). The main parameter extracted from this
analysis is Tdiss, i.e. the temperature at which a 50% decrease
in light scattering occurs.
ATPase measurements
Thin filament induced activation of S1 ATPase was assayed
by Pi release [43] in a medium containing 10 mM Hepes,
50 mM NaCl, 4 mM MgCl2, 0.1 mM dithiothreitol, pH 7.3.
Samples contained 5 lM F-actin; the concentrations of Tm
and S1 were as indicated in the captions to Figs 5 and 6A.
The ATPase reaction was initiated by addition of 2 mM ATP
and stopped after 15 min of incubation at 25 °C by addition
of HClO4 to a final concentration of 2.5%. The Ca
2+ depen-
dence of actin-activated S1 ATPase for the Tm mutants in
the presence of the troponin complex (2 lM) was obtained
using a 1 mM Ca2+/EGTA buffer system. Calibrated cal-
cium stock solutions were prepared, and equilibrium con-
stants were corrected to the experimental temperature and
ionic strength. The MAXCHELATOR program (http://www.stan-
ford.edu/~cpatton/webmaxc/webmaxcS.htm) was used to
calculate the free Ca2+ concentration.
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In vitro motility assay
Experiments and measurement of the sliding velocities of
the regulated thin filaments with the in vitro motility
assay at different Ca2+ concentrations were performed as
previously described by Shchepkin et al. [44]. In brief, a
flow cell coated from inside by nitrocellulose was filled
with a solution of rabbit skeletal muscle myosin at con-
centration 0.5 lM (~ 0.2 mgmL1) in AB buffer with
500 mM KCl. AB buffer was composed of 25 mM KCl,
25 mM imidazole, 4 mM MgCl2, 1 mM EGTA and 10 mM
dithiothreitol, pH 7.5. Then unattached myosin was
washed and bovine serum albumin was added into the
flow cell. Further non-labeled F-actin in AB buffer with
2 mM ATP was added and incubated for 5 min to block
nonfunctional myosin heads. The procedure of assembling
regulated thin filaments was as follows. The rhodamine
phalloidin labeled actin filaments in a monomer concen-
tration of 10 nM in AB buffer containing 0.1 lM tropo-
nin, 0.1 lM tropomyosin, 2 mM ATP and an oxygen
scavenger system (3.5 mgmL1 glucose, 20 lgmL1 cata-
lase and 0.15 mgmL1 glucose oxidase) were added into
the cell where the thin filaments self-assembled. Free cal-
cium concentrations were set by EGTA/CaEGTA in pro-
portions calculated with the MAXCHELATOR program.
Fluorescently labeled thin filaments were visualized with
an Axiovert 200 (Carl Zeiss) inverted epifluorescence
microscope equipped with a 100 9 /1.45 oil-immersion
alpha Plan-Fluar objective and an EMCCD iXon-897BV
(Andor Technology, Belfast, UK) videocamera. Typically
10 fields by 30 s each were recorded in every flow cell
and velocities of 30–100 filaments were measured. The
experiments were done at 30 °C; sliding velocities of the
filaments were measured using the GMIMPRO software [45].
Experiments for studying the pCa-velocity dependence
were repeated two or three times with each of the
mutants and the means of individual experiments were fit-
ted to the Hill equation: v = vmax(1 + 10
n(pCapCa50))1,
where v and vmax are the velocity and maximal velocity
obtained at saturating calcium concentration, respectively,
pCa50 (i.e. calcium sensitivity) is pCa at which half-maxi-
mal velocity was achieved, and n is the Hill coefficient.
The experiments with unregulated actin filaments
(Fig. 6B) were performed under the same conditions, with
the only exception that troponin and Ca2+ were not
added.
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